Many biomedical materials used today for applications such as orthopedic, dental, and cardiovascular implants and devices are made of corrosion-resistant, 'inert', metallic materials of the cobalt-chromium, titanium, and stainless steel alloy groups. This perspective focuses on the role of proteins in the degradation of these materials in a human body environment. After adsorption, the proteins interact relatively slowly with the metal and metal surface oxide. A number of factors, including the individual body chemistry (especially the presence of inflammatory cells producing oxidative species), determine whether the proteins can bind to metals in the surface oxide and whether the metal-protein conjugates can detach from the surface. Metals in the forms of proteinbound metal ions or nanosized particles can also increase protein-protein interactions and aggregation, which can cause some health effects and change the material degradation mechanism. While proteins in some short-term studies (<6 h) even decrease material degradation due to shielding effects and better lubrication, they may increase degradation after longer time periods due to relatively slow binding, detachment, and combined corrosion processes. In-vitro material degradation studies of relatively corrosion-resistant alloys for biomedical applications should therefore include long-term studies, complexing agents or proteins, and realistic oxidative environments simulating inflammatory conditions. npj Materials Degradation (2018) 2:26 ;
INTRODUCTION
Replacement of human organs, bones, and teeth is challenging even though engineers and physicians have attempt to find ideal replacement materials for decades, if not centuries. Metals and alloys are used today for the replacement of, or functional parts for, orthopedic, dental, spinal, cardiovascular, neurological, and gynecological implants, or for fracture fixation. 1 In most of these applications, materials with the highest possible corrosion resistance, so-called inert materials, are used today. For metallic materials these are mainly titanium, cobalt-chromium, and stainless steel alloys. These will be the focus of this perspective. Still, there exists no material that is as good as the natural material in the human body, regarding all the requirements for mechanical properties, corrosion resistance, biocompatibility, hardness, density, and toxic properties. 2 It has been known that the human body is a very corrosive environment resulting in a large range of different and combined corrosion types. Those are influenced by wear, fretting, crevices, fatigue, salts, and inappropriate geometry of implants. [3] [4] [5] [6] Recent findings highlight the importance of inflammatory cells, individual body chemistry, Fenton chemistry, and electrosurgery. 1, [7] [8] [9] [10] In all, it becomes increasingly clear that accelerated corrosion tests or immersion tests in simple solutions (simulating the ionic strength, chloride content, and pH of physiological conditions) are insufficient to predict corrosion observed in-vivo. 2 This perspective will focus on the role of proteins for material degradation of 'inert' metal and alloy degradation by providing some insights into surface and colloid chemistry, degradation kinetics, and metal-protein interactions that are crucial to understand and design predictive and comparative corrosion and metal release experiments for biomedical metallic 'inert' materials.
FAST AND SLOW KINETICS OF METAL-PROTEIN INTERACTIONS Adsorption
Most proteins adsorb relatively rapidly (seconds to hours) on metal and alloy surfaces in physiological environments of relatively high ionic strength, even when the protein and the surface are similarly charged. 11 The kinetics of adsorption, and the competition among different proteins, are highly influenced by the surface properties of the metal/alloy, such as surface energy, charge, roughness, hydrophobicity, and thickness of its surface oxide. [11] [12] [13] [14] Protein properties influencing the adsorption are protein size, charge, hydrophobicity, and concentration; solution properties important for adsorption inside the human body are, e.g., ionic strength, pH, shear rates, and agitation. 15 Adsorption as the first step of metal-protein interaction is important for material degradation in several ways: (i) it may inhibit cathodic reactions and initial corrosion similar to a coating (Fig. 1a) ; (ii) it mediates cell adsorption 16 (Fig. 1f) ; and (iii) it can act as a lubricant for surfaces that are exposed to friction and fretting (Fig. 1b) . Most of these effects decrease material degradation initially. Hence, this is the conclusion of several, but not all, short-term (a few hours) studies. 17, 18 However, appearances can be deceiving.
Protein-metal binding and detachment Many proteins bind to metals at specific binding sites and additionally by weak interactions like electrostatic interactions.
Albumin was identified as the strongest metal binder of human blood proteins. 19 This protein was also found to induce the strongest metal release and corrosion among several other proteins investigated for stainless steel AISI 316L. 13, 20 Albumin is also present at relatively high concentration in synovial (joint) fluid. 21 Protein binding to metal atoms in metal oxides is however strongly dependent on the surface oxide properties and will only occur if the protein-metal bond is stronger than metal-oxide or metalhydroxide bonds or if those bonds are weakened by defects. Weakening of the metal-oxide bonds by metal-protein complexes is often a very slow process and, in several cases, depends on the presence of other factors. If the metal-protein complex weakens the metal-oxide bonds, the metal-protein complex could eventually detach from the surface oxide (an even slower process). 12, 13 This is facilitated by high driving forces for protein exchange (high concentration of proteins, agitation, high ionic strength), which often are present in the human body environment. The Vroman effect, 22 that is the replacement of a surface-bound protein by a protein with larger surface binding affinity (Fig. 1e) , also facilitates the detachment of metal-protein conjugates. Both metal-protein binding and metal-protein conjugate surface detachment are highly dependent upon a number of factors, such as, the alloy composition and surface oxide composition, crystallinity, heterogeneity, and defect density. In contrast to corrosion in terms of metal oxidation, which is decreased for amorphous oxides as compared to crystalline oxides, 23, 24 amorphous surface oxides increase the protein-induced dissolution due to an enhancement of the metal complexation and detachment 24, 25 (Fig. 1d) . The reason is most probably a weaker metal-oxide bond (larger atomic distance) in amorphous as compared to crystalline oxides. The surface oxide of titanium alloys belongs to one of the most chemically stable oxides. However, it is affected negatively by proteins in the presence of hydrogen peroxide or upon oxidation. [26] [27] [28] [29] [30] Enhanced corrosion and metal release in the presence of proteins have been observed after a few hours at the shortest (for stainless steel AISI 316L in phosphate buffered saline, pH 7.4) 12 and can occur after significantly longer times, e.g., after at least 24 h for a titanium-aluminum-vanadium alloy in the presence of hydrogen peroxide, which can form complexes with titanium in the surface oxide. 27, 30 Interestingly, the metal release pattern in one of these harsh in-vitro studies combining proteins and hydrogen peroxide 30 was similar to that observed in-vivo in rat tibia tissue. 31 Hence, in certain environments there is a transition from an initially beneficial effect of proteins to a detrimental effect for material degradation (Fig. 1) . This transition occurs in most cases only after several hours and might therefore be missed in the majority of shortterm studies. A long-term (48 weeks) study investigating the metal release from a titanium-aluminum-vanadium alloy in rat tibia tissue showed a stabilization or decrease of metals in tissue after about 6-24 weeks. 31 Also, from the evidence that exists on metal oxide interactions with complexing agents, 25, 32 and from the similarity of complexing agents and proteins in terms of dissolution, 12, 33, 34 it seems clear that at least some proteins can directly interact with the metal oxide (Fig. 1d) , which is different from what is claimed in ref. 35 . However, direct protein interactions with the metal (not the oxide), especially for defective oxides or under fretting conditions, are more rapid (Fig. 1d) and can increase the dissolution/corrosion rate at nonpassive conditions. This could be responsible for the increased nickel to chromium ratio 20, 36 in the release of metals from stainless steel in Fig. 1 Schematic illustration of the effect of proteins on material degradation, exemplifying six different effects as a function of time. Note that the time window for initial and long-term processes strongly depends on prevailing material, environmental, and physiological conditions and can range from milliseconds to years. a Shielding effects may initially decrease material degradation by decreasing cathodic reactions and may increase material degradation after longer time by localized corrosion. b Lubrication by proteins initially decreases friction; trapping of wear particles in the protein layer or protein aggregates may increase friction 46 ; a tightly packed protein layer may decrease friction and wear. 44, 45 c Attraction of counter-ions may result in weakening of the oxide or localized corrosion. d Complexation of metal species to proteins can occur in solution, directly at the metal or metal oxide/hydroxide. Complexation can result in increased corrosion/dissolution rates and detachments of protein-metal conjugates. e The Vroman effect causes an exchange of adsorbed proteins and can thereby increase the dissolution/corrosion rate by the detachment of metal-bound proteins or influence it by a change of shielding effects. f Three examples of protein-mediated cell events of large importance for biomedical materials: left: platelet coagulation mediated by several proteins (for e.g., Von Willebrand factor, fibronectin, fibrinogen) 49 ; middle: adsorption of bone cells and osseointegration of implants is mediated by proteins (here, fibronectin) 16 ; right: immunological and inflammatory reactions are triggered by metal-protein conjugates and wear particles, and can result in increased inflammatory and oxidative conditions increasing material degradation. g Metal-protein conjugates can result in immunological (allergic) reactions or the formation of large-sized (several hundred nanometer or micrometer-sized) protein aggregates that trigger immunological and inflammatory reactions, which result in increased material degradation. Me metal, ROS reactive oxygen species the presence of albumin, as nickel metal is enriched beneath the surface oxide, which usually does not contain nickel. 37 The attraction of counter-ions by adsorbed proteins, that is, anions (such as chlorides) for net positively charged adsorbed proteins (e.g., lysozyme at pH 7.4) and cations (such as protons) for net negatively charged adsorbed proteins (e.g., albumin), might further weaken the surface oxide and result in localized corrosion (Fig. 1alRef/>c) . 20 
METAL-INDUCED PROTEIN-PROTEIN INTERACTIONS
Protein-metal interactions do not only have consequences for material degradation but also directly for health and protein-protein interactions. Metal-protein conjugates can act as allergens, by either sensitizing the immune system or eliciting cell-mediated immunological reactions (Fig. 1g) . 38 Further, metal ions or nanosized metal-containing particles can induce increased protein-protein interactions, which result in aggregated protein particles (Fig. 1g) . [39] [40] [41] These protein particles can have negative health effects, 42 or result in an increased coefficient of friction 43 or inflammatory conditions, which may impact the material degradation negatively, e.g., by increased inflammatory (oxidative) conditions (Fig. 1g) . Although proteins or protein layers act as lubricants under friction or reduce the wear, 44, 45 it has been suggested that they retain abrasive particles and thereby increase the total wear (Fig. 1b) . 46 
COMBINED MECHANISMS OF MATERIAL DEGRADATION IN-VIVO
It is clear from most recent literature within this field, mainly thanks to retrieval studies of implants observing 'impossible' corrosion types, that many combined mechanisms of material degradation exist involving friction and fatigue-induced degradation, Fenton chemistry and highly oxidative environments, chemical dissolution, and crevice/pitting corrosion (Fig. 2) . 1, 2, 5, 6, 10 Most of these combined mechanisms increase the extent of corrosion as compared to a single factor or type of mechanism.
A recent study on particles released from implant materials into tissues found that chromium in some particles in the tissues (for some patients) was oxidized to the hexavalent chromium form. 47 This finding further strengthens the view of the importance of individual human body chemistry and that inflammatory/infectious conditions due to oxidative species highly influence corrosion. This individual body response depends on the extent and particle characteristics of released wear particles. It has been shown for a range of metallic materials and alloys that their wear particles cause increased inflammatory or toxic responses, while their corresponding bulk materials are biocompatible. 48 
OUTLOOK
This perspective highlights the importance of time, complexing agents, proteins, and oxidative conditions (ideally in a combined way) for in-vitro material testing for biomedical applications. Protein-induced degradation includes slow chemical and combined processes, which may require different experimental approaches than for traditional corrosion testing. The combined effect of protein-and hydrogen peroxide-induced degradation of titanium alloys should be investigated further for other oxidative species and alloys. The development of new in-vitro material degradation study protocols for relatively corrosion-resistant alloys for biomedical applications should also consider long-term studies, complexing agents (like citrate) or proteins (like albumin), and realistic oxidative environments simulating inflammatory Fig. 2 Examples of synergistic and antagonistic combinations of different effects/factors. Synergistic effects is the combined effect and is greater than the sum of single effects, and for antagonistic combinations the combined effect may decrease material degradation compared with single effects. Most combined effects increase the extent of material degradation synergistically. The examples of antagonistic combinations are: (i) adsorbed protein layers shielding cathodic reactions or reactive oxygen species may decrease the effect of inflammatory conditions; (ii) the exchange of proteins by the Vroman effect may decrease the effect that attracted counter-ions may have locally; (iii) a protein-induced decrease of friction by lubrication or tightly packed layers may decrease fretting-induced corrosion; 44, 45 and (iv) electricallycoupled different materials or applied potential (e.g., from electronic devices, electrosurgery) may change the amount and type of adsorbed proteins and hence related effects 14 
